Abstract-We consider the exploitation of dielectric properties of saline deposits for the detection and mapping of moisture in arid regions on both Earth and Mars. We present simulated and experimental study in order to assess the effect of salinity on the complex permittivity of geological materials and, therefore, on the radar backscattering coefficient in the [1-7 GHz] frequency range. Laboratory measurements are performed on sand/sodium chloride aqueous mixtures using a vectorial network analyzer coupled to an open-ended coaxial dielectric probe. We aim at calibrating and validating semiempirical dielectric mixing models. In particular, we evaluated the dependence of the real and imaginary parts of complex permittivity on the microwave frequency, water content, and salinity. Our results confirm that if the real part is mainly affected by the moisture content, the imaginary part is more sensitive to salinity. In addition to the classic formulas of mixing models, the ionic-conductivity losses, which are due to mobile ions in the saline solution, are taken into account in order to better assess the effect of salinity on the dielectric properties of mixtures. Dielectric mixing models are then used as input parameters for the simulation of the radar backscattering coefficients by means of an analytical model: the integral equation model. Simulation results show that salinity should have a significant impact on the radar backscattering recorded in synthetic aperture radar data in terms of the magnitude of the backscattering coefficient. Moreover, our results suggest that VV polarization provides a greater sensitivity to salinity than HH polarization.
semiarid regions; 2) water saturation and infiltration in soils related to flood risk management; and 3) biomass evaluation for the global monitoring of the carbon cycle.
The estimation of soil moisture by means of microwave remote sensing systems has been widely investigated over the last two decades [1] [2] [3] [4] . As electric properties of soils depend on their water content, it is obvious that the soil moisture content significantly impacts the radar backscattering coefficient σ
• [5] [6] [7] [8] . Numerous experimental and theoretical studies have been dedicated to the understanding of the influence of soil moisture on σ
• [9] [10] [11] [12] [13] . In comparison, little has been done on the salinity effects, even if salinization is considered as one of the most important problems affecting many regions in the world. Among the most important impacts of salinity are the degradation of arable lands and biomass reduction, as well as the desertification, particularly in arid and semiarid regions.
If moisture changes the dielectric constant of a soil, the presence of salts in water will also affect its microwave dielectric properties. Since most of the backscattering models require the knowledge of the complex dielectric constant, some studies have attempted to evaluate the microwave dielectric behavior of moist salinized soils as a function of water content and soil textural composition, leading to semiempirical dielectric mixing models [14] [15] [16] [17] [18] [19] [20] [21] . Based upon the Debye's theory, Lane and Saxton [22] determined the dielectric constant of aqueous solutions, investigating the ionic conductivity produced by an electrolyte by means of measurements performed on sodium chloride (NaCl) solutions at centimeter wavelength. Under the same assumptions, Stogryn [17] proposed a brine model for moistened salinized soils. This model stipulates that the dielectric constant of saline water may be represented by an equation of the Debye form, in which the relaxation-time and ionic-conductivity parameters are given as a function of the water temperature and salinity, as suggested by Weyl [23] and Cox et al. [24] . As a result, the real part of the complex permittivity was shown to slowly decline with an increment of salinity. Several other classical mixing formulas available in the literature have been examined [19] , [20] . It appears that they fail to describe the complex behavior of a mixture, particularly at 1.4 and 5 GHz, since most of them considered the mixture of a two-component system only (soil and free water). Wang and Schmugge [19] then proposed a simple empirical model to better describe the dielectric constants observed on soil-water mixtures at L-and C-bands. This model considers 0196-2892/$25.00 © 2008 IEEE the dielectric constant of a soil-water mixture as a direct mixing of the dielectric constants of four constituents (air, rock, bound water, and free water) depending on their volume fraction in the mixture. Assuming a transition moisture value (separation between free and bound water) as well as the porosity and the ionic conductivity, such a model was shown to give fairly good estimations of the dielectric properties of soil over a wide range of frequencies, with textural information and dielectric constant of pure water as input parameters. Based on the assumptions of Wang and Schmugge, Hallikainen et al. [16] and Dobson et al. [15] proposed an extensive study of the microwave dielectric behavior of wet soil as a function of soil physical parameters. Considering a large set of laboratory measurements performed in the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] frequency range by means of two measurement techniques (waveguide and freespace transmission), they investigated the effects of several physical parameters (bulk density, specific density, soil texture, frequency, and temperature) in order to propose a more convenient mixing formula [16] . Taking into account the boundwater fraction, they provided a four-component dielectric mixing model, in which the dielectric constant of free water is derived from the Debye formula modified by Lane and Saxton [22] , to account for ionic-conductivity losses. Moreover, the solid fraction is also expressed as a function of sand and clay fractions. Sreenivas et al. [14] also conducted laboratory experiments over three soils of different composition regarding the sand, sandy loam, and clay percentage in order to study the influence of soil salinity and sodicity on the complex dielectric behavior of soils as a function of volumetric soil moisture at L-band. These different models led to the same conclusion, which is the real part of the dielectric constant decreases, whereas the imaginary part increases with an increase in salinity. The real part appears to be more dependent on soil moisture, whereas the imaginary part is sensitive to soil salinity.
Such results suggest that soil salinity should have significant contribution to the backscattering coefficient recorded in synthetic aperture radar (SAR) images, which could then be used for soil salinity monitoring.
Comparing soil backscattering coefficients extracted from RADARSAT images to simultaneous fieldwork acquisitions, a recent work has underlined a high correlation between the imaginary part of the dielectric constant and σ
• [25] . Such a correlation can be explained by the influence of salts in solution on the conductivity of soils and, then, on the imaginary part of the dielectric constant [25] [26] [27] . If the real part ε of the complex permittivity, which is related to the medium polarization, governs the velocity of propagation of a wave through the material, the imaginary part ε is related to the conductivity of the medium and represents the radar signal attenuation by energy absorption required to reach the polarization (ohmic losses).
It thus appears essential to take into account the occurrence of saline deposits (evaporites) in radar remote sensing applications. We started to study the influence of salts on the backscattering coefficient σ
• through the dielectric properties of the material. The adopted methodology is based on measurement series carried out in laboratory by means of a vectorial network analyzer (VNA) in order to first assess the validity of dielectric mixing models [15] [16] [17] , [19] . These models are then used to define input parameters required for the modeling of σ
• using an analytical integral equation model (IEM) scattering model [5] , [6] , [28] [29] [30] [31] . Simulation results will later be compared to field measurements (Death Valley, CA) and will be used for the interpretation of SAR data (AIRSAR, PALSAR). Our final objective is to exploit the dielectric properties of saline deposits to better detect and map moisture on both Earth and Mars (nowadays, the occurrence of evaporites on Mars is commonly accepted [32] ). In particular, it should be noticed that since the occurrence of salts leads to a higher imaginary part of the complex permittivity, highly soluble salts will be helpful in the moisture detection corresponding to small water content. This could be of great interest for the Martian exploration, where a small amount of subsurface water is expected.
First, we briefly describe the geological context related to saline deposits and present the problematic of the influence of such deposits in remote sensing applications (Section II). Afterward, we describe the dielectric mixing models used to achieve a better understanding of the influence of salts on the dielectric properties of geological materials as a function of volumetric moisture content and frequency (Section III). Such semiempirical models are then compared to experimental data sets performed in laboratory (Section IV). Then calibrated, semiempirical and experimental results are then used as input parameters to analytical simulations of the radar backscattering coefficients performed by means of the IEM scattering model (Section V). Finally, it should be noticed that such analytical simulations would not aim at being exhaustive but at illustrating the influence of saline deposits in remote sensing applications related to soil moisture detection as well as salinity monitoring. The main objectives of this paper are as follows: 1) to achieve a better understanding of the impact of salinity on the dielectric properties of natural media and further on the radar response of natural surfaces since the dielectric properties govern the penetration of microwaves as well as the amount of backscattering, and 2) to allow a better interpretation of spaceborne and airborne SAR data related to evaporitic environments that will help in defining the future planetary exploration missions, particularly the Martian ones.
Moreover, our studies will not include the roughness effect since saline deposits are usually smooth, particularly for the wavelengths under consideration (C-and L-bands). Finally, these small roughness parameters were also observed and measured recently on a suitable test site located in Death Valley, CA.
II. EVAPORITES
Sedimentary rocks are formed at the Earth's surface through deposition of sediments produced from weathered rocks, biogenic activity, or precipitation from solution in marine (laguna, salina, and sabkha) and continental (chott, playa, and salar) environments, with a negative water balance (water evaporation exceeds inflows). In particular, evaporites are sedimentary deposits resulting from a chemical precipitation of dissolved substances in natural solutions (continental or marine) by the increase in their concentrations due to terrigenous contributions and evaporation [33] . The most important concentration factor lies in evaporation processes, although congelation and hydrothermal processes can also lead to supersaturated conditions necessary to mineral precipitation. The formation and the paragenesis of saline deposits are thus closely related to the physicochemical properties of minerals in solution (in terms of solubility) as well as to the parameters of evaporitic environments (temperature, salinity, evaporation rate, hydrostatic differential, pH, and microbial activity).
Typically, evaporitic deposits often show a repeated sequence of minerals, indicating cyclic conditions (due to eustatism or tectonic events) with a mineralogy determined by solubility. The most important minerals and the sequence in which they form include calcite, gypsum, anhydrite, halite, and lastly potassium and magnesium salts such as sylvite, carnallite, kainite, and kieserite. Anhydrite and halite usually dominate.
In shallow marine environments (subaquatic precipitation), two types of basins are distinguished. If the basin is isolated, the sedimentary deposits present a concentric facies pattern (bull eye's facies) where the slightly soluble salts (carbonates, gypsum, and anhydrite) precipitate on the edge of the basin, whereas highly soluble salts (halite and potassium or magnesium chlorides) precipitate in the center. If the basin keeps an ocean connection (semi-isolated), the deposits present a polarity organized around the pass (tear-drop facies) because of the increasing salinity from the pass to the bottom of the basin due to seawater inflows: slightly soluble salts precipitate close to the pass where the salinity is weaker, whereas highly soluble salts precipitate at the bottom of the basin where salinity is higher.
Since such basins failed to explain the observed great evaporitic sequences, fundamental studies invoked deep marine basins with shallow (SWDB) or deep water (DWDB). The SWDB (Messinian Sicilian basin) are closed marine basins depending on episodic overflowing or infiltration of seawater and show a stratigraphic sequence close to the bull eye's facies. On the contrary, because of restricted connections with open seas, the DWDB present gypsum deposits on the edge while halite and potassium salts precipitate in the center of the basin. The DWDB (Catalonia Eocene, Miocene Red Sea, Dead Sea, and Messinian Mediterranean) also authorized the occurrence of bacterial sulfate reduction in anoxic deep water layers, explaining why evaporitic sequences start with halite deposits.
The influence of saline deposits in remote sensing applications lies in the solubility behavior and the ionic properties of the minerals. In their ionic (dissolved) form, the weight of dissolved substances per kilogram of solution controls the conductivity of the solution. This conductivity is directly related to the concentration in free electrons and ions [34] . Under the action of an electric field, the distribution of charges is distorted, and the barycenter of positive and negative charges no longer coincides. This results in an induced dipole moment that can be interpreted as a polarization vector P . In this case, we are interested in the microscopic interpretation of polarization: atoms, molecules, and ions. The presence of such components generates three microscopic polarization mechanisms: electronic, ionic, and orientation polarizabilities, which can be related to the medium dielectric constant (Clausius-Mossotti relation for polar molecules). More precisely, since ε is proportional to the conductivity (interaction of free charges), which is related to the amount of free charges generated by the occurrence of salts in solution, we have to evaluate the impact of the presence of salts on the dielectric properties of the medium.
III. DIELECTRIC MIXING MODELS
Several dielectric mixing models dealing with the impact of salts and water on the complex permittivity can be found in the literature [14] [15] [16] [17] [18] [19] [20] [21] . Since they consider the soil as a multiphase mixture of solid particles, water (free and bound water), air voids, and salts, we initially studied the influence of salinity on the complex permittivity of geological materials using the dielectric mixing models proposed by Dobson et al. [15] and Wang and Schmugge [19] . First, these models were applied to the case of a sand/salt water mixture corresponding to a test site we are working on: the Pyla sand dune (Arcachon, France) [1] , [35] , [36] .
Based on extended measurements, Wang and Schmugge [19] proposed an empirical mixing formula at 1.4 and 5 GHz, with two distinct regions in the variations of the soil dielectric constant with respect to the volumetric moisture content m v . In the first region (m v < W t , W t being the transition moisture), water molecules are assumed to be tightly bound to the soil particles and are referred to as bound water. These authors showed a similarity in activation energy between bound water and ice molecules. They assumed the dielectric constant of ice as a good estimation for the dielectric behavior of soil water mixture at m v < W t . When exceeding the transition moisture, the water content is referred to as free water and is interpreted in terms of the basic Debye equations for a polar medium.
Assuming the soil-water system as a mixture of bound and free water in addition to an air volume fraction and to the dry soil (four-component system), the expressions for the complex dielectric constant according to both regions are given by [19] 
with
and
where P is the porosity of dry soil derived from the specific density of dry soil and the bulk density of the associated solid rock. ε a , ε w , ε r , and ε i are the dielectric constants of air, water, rock, and ice, respectively, whereas ε x stands for the complex permittivity of the bound water. W t and γ are free parameters shown to be soil texture dependent. We considered here the parameters derived from laboratory measurements on Pyla dune samples. In order to account for the ionic-conductivity losses due to salinity, the dielectric constant of saline water is calculated according a Debye-type relaxation form modified by Lane and Saxton [22] . In terms of Stogryn's formulation [17] , real and imaginary parts of saline water are given by [5] 
where f is the frequency in hertz, ε o is the permittivity of free space equal to 8.854 · 10 −12 F · m −1 , ε sw∞ is the highfrequency limit of ε sw , and ε swo is the static dielectric constant of saline water. τ sw and σ i are, respectively, the relaxation time and the ionic conductivity of concentrated NaCl solutions which are both given as a function of salinity and temperature [5] , [17] , [23] .
Based on the data presented in [16] , Dobson et al. [15] developed semiempirical and theoretical dielectric mixing models for the [1.4-18 GHz] region. Since not all the input quantities for theoretical models are available for specific soils, we considered the semiempirical formulation which accounts for the mixing of a four-component system: soil particles, air, boundwater, and free-water volume fractions. Assuming a given soil with bulk density ρ b and specific density ρ s , the final expression for the dielectric constant of the mixture for the semiempirical model as a function of moisture content m v is
where α = 0.65, ε s is the relative permittivity of the solid soil, and β is a soil-texture-dependent coefficient expressed as a function of sand and clay percentages. In (7), the dielectric constant of free water is calculated at the given frequency and temperature assuming a modified Debye equation
where the subscript w refers to water properties, and σ eff is the effective conductivity empirically derived from the soil texture. At frequencies higher than 4 GHz, where the dielectric relaxation of water is the principal contributor to losses, such semiempirical model was found to be in excellent agreement with the measured data [15] . Nevertheless, at frequencies lower than 4 GHz, the effective conductivity appears to be dominant [16] , leading to some limitations of the mixing model. After knowing that the effective conductivity is due to the presence of salts in solution, we then considered (5) and (6) for saline water together with the empirical expressions derived by Stogryn [17] , to characterize the dielectric constant of free water, in order to achieve a more complete description of salinity effects on both the ionic conductivity and the relaxation time of free water. As sea water mainly contains NaCl, we initially considered the results obtained for NaCl solutions as a first approximation allowing the application of the Stogryn equations [5] , [17] for the electromagnetic characterization of sea water [37] . The permittivity of the sand/saline water mixture was then computed according to the frequency (L-and C-bands), the moisture content (0 < M v < 0.6), and the salinity (0 < S < 140
The temperature was fixed at 20
• C, the bulk density deriving from laboratory measurements was set to 1.74 g · cm −3 , and the specific density of the solid fraction generally assumed to be 2.65 g · cm −3 .
A. Salinity Effect on the Dielectric Constant
We first investigated the effect of salinity (S) on the dielectric constant of a sand/saline water (concentrated NaCl solution) mixture by means of the Dobson and Wang semiempirical models. The results are shown in Fig. 1 where the complex permittivity is plotted as a function of salinity for volumetric moisture content m v ranging from 0 to 0.6 at 1.5-GHz frequency. Such results are coherent with previously published results for different soil types (sandy loam, loam, and silty clay) [14] , [25] [26] [27] . These results show that if the real and imaginary parts increase with the moisture content, the impact of salinity is not the same for ε and ε . Indeed, as the real part is concerned, Fig. 1 shows that soil salinity has a little influence on ε , except for soils with high moisture content for which ε decreases with increasing salinity. For small salinity values, the increasing moisture content appears to be the main factor in ε variations. On the contrary, the imaginary part ε is strongly affected by both salinity and moisture of soil samples. In particular, the higher the moisture content, the stronger the effect of salinity on the imaginary part. Such a behavior can be explained by the fact that increases in soil moisture content lead to a greater amount of dissolved salts (large free-water component). It thus increases the conductivity and then ε . More precisely, for small water content, the bound-water component dominates, leading to a weak increase in dielectric constant since we are close to ice dielectric properties. For higher watercontent values, the free-water component becomes much more effective, allowing a greater amount of dissolved salts and leading to a higher conductivity. Fig. 1 also clearly shows that the rate of increase in ε with S is dependent on the soil moisture content. Nevertheless, when salt concentrations are in excess (S > 100
• / •• ), ε decreases. This can be related to a precipitation of dissolved salts, leading to a decrease in free-water conductivity. This behavior confirms the one reported in recent works of Mironov et al. [18] on bentonite, Shao et al. [25] on NaCl solutions, and Aly et al. [26] on silty loam soil samples.
It should be noticed that both the Dobson [15] and Wang [19] models lead to the same conclusions. Nevertheless, as shown in Fig. 2(a) and (b) , the intrinsic problem with the semiempirical approach proposed by Dobson et al. is its lack of sensitivity to the shape of the measured dielectric constant with respect to m v [15] . Since the calculated values are more linearly dependent on m v than the measured values, such a model leads to an overestimation of the dielectric constant at low moisture contents as well as an underestimation at high moisture contents. Assuming a transition moisture content, the semiempirical model proposed by Wang and Schmugge seems to provide a better description of the behavior observed in dielectric constant measurements [19] .
Even if the limitations of the Wang model appear in the high moisture content region, where it underestimates ε compared to the Dobson model, it provides a fairly well description of ε in the low and intermediate moisture regions, where the Dobson model was shown to overestimate the measured values [15] . As ε is concerned, Fig. 2(b) shows that the differences between both models vanish in the high moisture region, although the Wang model provides a better behavior in the low moisture regions. For such reasons, we will prefer in the following the semiempirical approach of Wang and Schmugge in order to characterize the dielectric properties of sand/saline water mixtures.
B. Frequency Effect on the Dielectric Constant
Since the conductivity depends on the frequency, we studied the frequency effect on the dielectric constant of the moistened salinized mixtures using the Wang semiempirical model. Simulation results are shown in Fig. 3 . The real and imaginary parts of the dielectric constant are computed as a function of frequency for three salinity values (S = 0, 40, and 100
and for water contents ranging from 0.05 to 0.6. We initially considered a frequency range from 1 to 18 GHz.
As the real part is concerned, the simulation results indicate that ε slowly decreases with an increment of frequency for high content moisture (m v > 20%), whatever the salinity value may be. However, for small water content (m v < 20%), ε seems not to be frequency dependent. Such a result is in agreement with the Debye theory and also supports the suggestion by Hallikainen et al. [16] that the real part of soil permittivity is inversely proportional to salt content: At a given water content and frequency (for example, m v = 60% and f = 2.0 GHz), ε decreases from 38 without salinity to 27 for a salinity value of S = 100
The most interesting results concern the imaginary part of the soil mixture, related to the ionic conductivity of the NaCl electrolyte solution. We can see in Fig. 3 that ε steeply decreases in the [1] [2] [3] [4] GHz frequency region in the presence of salinity (S > 0), whereas ε increases when S = 0. Although these results present some discrepancies with the measurements reported in [16] , they are not contradictory and can be explained by means of the Debye-Falkenhagen theory [38] . Moreover, the observed behavior also confirms the results reported in [5] that show an increase of ε of pure water with the microwave frequency over the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] range at a temperature of T = 20
• C and a decrease of ε of sea water with incrementing frequency in the same range. More recently, Shao et al. [25] and Hu et al. [39] reported the same ε variations derived from experimental measurements performed on NaCl concentrated solutions. Likewise, investigations carried out by Komarov et al. [40] led to the same conclusions concerning kaolinite, montmorillonite, and NaCl that may be attributed to the influence of the relaxation time of the saturated solution [15] , [22] , [38] , [41] .
According to the Debye-Falkenhagen theory, the variations of ε with respect to the frequency can be attributed to the frequency dependence of the ionic conductivity which usually describes the motion of ions in an electrolyte solution [38] .
In particular, Chandra and Bagchi [41] presented a theory for the frequency dependence of the ionic conductivity of an electrolyte solution, in which they show that the ionic conductivity decreases at high frequency. These authors considered the dynamic effect of the relaxation of an ion atmosphere (space of opposite sign of charge which surrounds the central ion) on its motion. Moving in an electrolyte solution, an ion is subject to a retarding force due to the ionic atmosphere lagging behind it. When it moves through the liquid with a velocity produced by an external electric field, the ionic atmosphere cannot immediately follow the motion, leading to a dissymmetry in the direction of the ion motion. This dissymmetry of the electric density causes a force (electric force of relaxation [38] ) on the moving ion which decreases its mobility. Assuming an oscillating electric field (microwave emission), the central ion oscillates, and the ion atmosphere gets less time to reach the relaxation (relaxation time). The ion atmosphere is then less asymmetric. As a result, the effect of the electric force of relaxation is reduced, leading to a higher ion mobility (reduction of electrolyte friction) and, hence, an enhancement of the conductivity at low frequency. At higher frequency, the dissymmetry of the ionic atmosphere cannot be reached since the central ion oscillates so fast that the net ionic motion is smaller than the one in the presence of a static or low-frequency electric field. As a result, the retarding effect vanishes, and the ionic atmosphere, as well as the central ion, can be regarded as motionless, leading to a decrease in ion mobility and then in the ionic conductivity [38] , [41] . Moreover, it was shown that at high frequency, the dominant loss mechanism on the dielectric constant is mainly due to the dielectric relaxation (polarization losses) of free water since the maximum of ε occurs at the relaxation frequency (17 GHz for pure water) [40] , [42] . This could explain the increase in ε observed by Hallikainen et al. [16] . On the contrary, at lower frequency [1-4 GHz], the ionic conductivity is the main contributor in dielectric losses, causing ε of moistened salinized soils to vary inversely to the frequency. Between these two regimes, ε is expected to pass through a minimum [42] , particularly for small salinity and high moisture content values as reported by Hu et al. [39] and Dobson et al. [15] . Fig. 4 shows such a behavior, particularly for high volumetric water content (> 0.3), and suggests that free (saline) water does exhibit a dielectric relaxation at a frequency lower than the one of pure water. 
IV. LABORATORY MEASUREMENTS
The dielectric constant measurements reported here were undertaken in an effort to establish the validity of the previous models.
Measurements were carried out by means of a VNA coupled to an open-ended coaxial probe (Sub Miniature A connector (SMA) type), providing the reflection coefficient S11 (amplitude and phase) of the electromagnetic wave at the sample surface [43] .
The VNA we used is the Anritsu 37325A (Fig. 5 ) which has to be calibrated before measuring samples. The experimental procedure goes through four steps: VNA calibration, reference measurement, standardization of the probe, and sample measurement. In reflection mode (S11 coefficient), the calibration is performed by means of three standard cells: open, short, and broadband load (50 Ω). These cells allow the determination of the reference plane of the system in order to prevent the measurement errors due to blemishes of both the VNA and the coaxial cable connectors. Since the reference plane determines the location where the coaxial probe is connected (Fig. 6) , we need to perform a reference measurement (typically on air) in order to remove probe effects from sample measurements. Afterward, the dielectric probe is standardized by means of standard chemical solutions in order to determine its parameters. Indeed, numerical methods (finite element method and method of moments) have shown that such a probe can be seen as a capacitive element [44] , [45] . The electromagnetic field at the probe/sample interface can then be represented by a capacitive equivalent circuit (capacitor) described by means of two parameters C 0 and G 0 which are, respectively, the equivalent capacitance related to the field inside the sample and the conductance representing the scattering effect at the probe/sample interface. Since C 0 and G 0 parameters are frequency dependent, we derived them from several sets of measurements performed on standard chemical solutions (acetone, distilled water, ethylenglycol, dichlorobenzen, chlorobenzen, and nitrobenzen) for which the variations of the complex dielectric constant with frequency are well known (Smith abacus). Moreover, Miane and Ech-Chaoui [46] have shown that these capacitive parameters depending upon the dielectric properties of samples can be expressed for SMA-type probe in the [45 MHz-5 GHz] frequency range as
where C 1 , b, k, m, and n are the parameters related to the probe. ε and ν are, respectively, the complex permittivity of samples and the frequency of incident wave. Since G 0 can be neglected for the frequency values for which the coaxial-line diameter α is small compared to the wavelength λ (i.e., α/λ 1) [43] , only the C 0 parameter will be assessed in the following. According to Stuchly et al. [47] , C 0 does not depend on the frequency for values less than 7 GHz. For that matter, we used (9) for the frequency range under consideration. The standardization procedure then consists in assessing the dependence of C 0 on the complex permittivity of the standard samples. As a result, C 1 and b provide a reasonable description of the probe and are obtained by using a linear regression method on the form log(C 0 ) = log(C 1 ) + b log(ε).
The knowledge of these parameters combined with measurements of the S11 reflection coefficient then makes it possible to retrieve real and imaginary parts of the dielectric constant of material samples. For the complex admittance Y (inversely proportional to the characteristic capacitor impedance Z = 50 Ω = 1/Y ) of the equivalent capacitive circuit being expressed by
where ω = 2πf is the angular frequency, the measured reflection coefficient ρ is related to the admittance by
In (13), y is the reduced complex admittance normalized to the characteristic complex admittance of the coaxial line (Y 0 ), |ρ| is the module of S11, and ϕ is its phase. In order to precisely measure the phase of the reflection coefficient of samples (ρ mes ), we have to define a reference state provided by the reference measurement performed on air (ρ air ). Normalizing the samples' measurement by the reference one, we obtain
Equation (14) defines the relation between the complex permittivity and the reflection coefficient measured by the VNA. Knowing the probe parameters, such an expression allows the derivation of the complex permittivity of natural geological samples from S11 measurements using a capacitive inversion algorithm. Fig. 7 shows the measurement results of real and imaginary parts of a sand/salt water mixture as a function of frequency and moisture for two fixed salinity values (S = 40
These results confirm the predicted salinity and frequency dependence of the dielectric constant using the Wang model (Fig. 3) .
As the real part is concerned, measurement results clearly indicate that ε decreases with an increment in salinity as well as in frequency. This effect is more significant when the soil moisture content exceeds the transition moisture (W t ∼ 0.29 for S = 100 Moreover, our experimental results are also in agreement with the Debye's theory and support the assumption that the real part of soil permittivity is inversely proportional to salt content [16] . Nevertheless, the semiempirical model of Wang seems to overestimate the real part of the complex permittivity at higher frequency, particularly for high moisture content values.
As the imaginary part is concerned, theoretical results are also in good agreement with the measurements, particularly at 2 GHz and for salinity values corresponding to seawater. As an example, it can be seen in Fig. 3 that ε increases from 0.5 to 27 for a salinity of S = 40 Nevertheless, some discrepancies appear in the vicinity of the moisture transition as well as at low (< 1 GHz) and high (> 6 GHz) frequencies. This could be explained by some limitations in the consideration of dielectric losses in the Wang formulation. At low frequency, the ionic conductivity appears to be the most important loss factor [41] , whereas at higher frequency, the dielectric relaxation of free water is the main factor of loss [40] . In accordance with the Debye's theory, the shape for the imaginary part of the dielectric constant must have a maximum at the relaxation frequency of 17 GHz for water in a free state [5] . It results in an underestimation for the imaginary part at low frequency as well as an overestimation for the real part. At higher frequency, since the model proposed by Wang does not include the relaxation frequency of free-water component, the results modeled for frequencies exceeding 7 GHz will not be considered.
Dealing with the moisture transition region (Fig. 8) , even if it is taken into account in the Wang's model, it clearly appears that the experimental rate of increase in real and imaginary parts is steeper than the theoretical one (Fig. 2) . Under these considerations, the Wang's model has to be improved, even if it already provides fairly well approximations in the [2-5] GHz frequency range for low moisture contents (< 0.3) as well as for very high ones (> 0.4). As previously mentioned, it should also be noticed that our measurement results suggest that the transition moisture depends upon the salinity. It can be seen in Fig. 8 that W t seems to decrease as the salinity increases: W t = 0.29 for S = 100
High salinity values allow the occurrence of great amounts of free/mobile ions responsible for the ionic properties of the saline solution, whereas the smaller salinity values require a higher free-water component in order to provide a greater amount of free ions to impact the dielectric properties of mixtures.
Since the Wang's dielectric mixing model failed in accurately describing the behavior of the dielectric constant in the vicinity of the moisture transition, we then propose a new empirical formula for the characterization of the complex dielectric properties of a sand/sodium chloride mixture. It is used to fit the experimental data set and is based on the error function (erf)
where {A, B, C} are adjustable parameters derived from the experimental data set: A is related to the amplitude of the erf function, B is the ordinate intercept, and C determines the slope of the asymptotic branches. Table I (15) is then used as an input parameter for the analytical simulation of the radar backscattering coefficient.
V. ANALYTICAL SIMULATIONS OF THE BACKSCATTERING COEFFICIENTS
In order to illustrate the impact of salts on airborne or orbital SAR data, we computed the radar backscattering coefficients for the complex permittivity values previously measured [by means of the proposed empirical formula in (15)]. In the following, we considered L-band and the given roughness parameters corresponding to smooth surfaces even if it is well known that roughness impacts the radar backscattering coefficient. More precisely, such a hypothesis for roughness is realistic since moistened saline deposits are usually smooth (cf. Fig. 9 ). We then assume the following roughness parameters derived from measurements and observations recently performed in the Death Valley test site (California): rms height of 0.3 cm and correlation length of 2.7 cm. It should be noticed that such low roughness conditions are also suitable for separating the HH and VV behaviors since for rough surfaces, the isotropic scattering distribution leads to the same HH and VV backscattering coefficients.
We performed the simulations of the backscattering coefficients using the analytical IEM scattering model [5] , [6] , [28] [29] [30] [31] . Considering the surface scattering term only, the single backscattering coefficient is expressed by [6] 
where pp indicates the polarization state of the emitted/ scattered wave, respectively (HH or VV), θ is the incident angle, k is the wavenumber, and W n is the Fourier transform of the nth power of the surface correlation function assumed to be Gaussian.
The results shown in Fig. 10 highlight both the salinity and moisture content effects on copolarized modes derived from the IEM model, at L-band for 40
• of incidence. The simulation results logically confirm that both horizontally and vertically copolarized backscattering coefficients do not depend on the salinity if no moisture is present. Since the ionic properties of salts are no more effective without water (no free-water component), the mixture behaves like a low-loss medium corresponding to the lowest values of the backscattering coefficients (low real and imaginary parts of the dielectric constant). Furthermore, it can be seen that the VV backscattering coefficient is more sensitive to the moisture content than the HH one: σ 0 VV presents a dynamic range around 6.5 dB when increasing the moisture content from 0 to 0.6, whereas σ 0 HH is less than 4 dB. Fig. 10 shows that the backscattering coefficients increase with an increment of salinity because of the dependence of the IEM model on the imaginary part of the dielectric constant, particularly for the vertical polarization. Simulation results also show that such a sensitivity of the backscattering coefficient to the salinity depends on the moisture content: it can be seen in Fig. 11 that the effect of salinity increases with an increment of moisture content up to the water transition value since the amount of dissolved salts increases with the freewater component. Exceeding a salinity of 100
• / •• , the backscattering coefficient decreases because of the precipitation of salts (Fig. 10 ). This effect is more important for the vertical polarization (VV). Although salinity more slightly affects the horizontal polarization (HH), in particular for high moisture contents, the dependence of the backscattering coefficient on the salinity for low moisture values (< 0.25) constitutes an interesting result for the detection of small amounts of water.
In Fig. 12 , we present the variations of the backscattering coefficients as a function of the module of the dielectric constant deriving from the laboratory measurements. These results are particularly interesting since they underline the effect of water transition on the backscattering coefficients for HH-as well as VV-polarizations: for small water content (m v < 0.2), the differences observed between the backscattering coefficients with respect to salinity could be attributed to measurement uncertainties.
Assuming the transition moisture regions, the effect of salinity on the backscattering coefficient can be clearly observed. Since the water transition decreases with an increment of salinity, the effect of ionic conductivity on the imaginary part of the dielectric constant occurs for smaller water content as the salinity increases. As shown in Fig. 13 , the module of the complex permittivity increases for smaller water content as the salinity increases because of a steep increase of the imaginary part in the vicinity of the water transition region. As expected, this effect is correlated with a strong change in the backscattering coefficients with respect to salinity in the moisture transition region. Such a change can be clearly observed in Fig. 12 for VV-and HH-polarizations. For a water content around 0.29, the difference between the backscattering coefficients for S = 100
• / •• is close to 3.5 dB in VV-polarization and almost 2 dB in HH mode. Such a sensitivity of the backscattering coefficient in the water transition region could be used to estimate the degree of salinity of natural moistened surfaces from SAR data.
Compared to the laboratory measurement results, Fig. 10 shows the limitations of the Wang model. As shown in Fig. 12 , a higher dynamic of the backscattering coefficients can be observed for both polarizations: when increasing the volumetric moisture content from 0 to 0.6, the dielectric constants derived from measurements on sand/NaCl samples lead to a variation of σ Dealing with the copolar phase difference, we showed in previous studies that such a radar phase signal could be used as a soil moisture indicator [1] , [36] . Since the expression of this phase signature derives from the backscattering coefficients in each copolarized mode, the different behavior of the copolarized backscattering coefficients as a function of the salinity could then impact the phase signal. We can see in Figs. 10 and 12 that the difference between σ 0 VV and σ 0 HH increases with the moisture content and then the salinity: ∆σ VVHH increases from 3 to 7 dB for experimental dielectric constants in the moisture range m v = [0−0.6] (cf. Fig. 12 ) at 40
• of incidence. It should be noticed that such a difference agrees well when compared to the copolarized differences of the backscattering coefficients obtained with the Wang model particularly at high moisture content since ∆σ VVHH increases from 4.4 to 7 dB in the moisture range m v = [0−0.6] (cf. Fig. 10 ).
Previously, we only considered an incidence angle of 40
• which is a typical incidence angle of current spaceborne sensors. Nevertheless, since more recent orbital sensors (RADARSAT-2, ALOS-PALSAR, TerraSAR-X, SAR-Lupe, and COSMO SkyMed), as well as airborne SAR (SETHI, E/ F-SAR), can provide higher incidence angles (> 50
• ), we studied the angular dependence of the backscattering coefficients as a function of moisture for three salinity values • and S = 100
• / •• . Subsequently, high incidence angles should be more relevant for saline-moistened deposit detection and mapping.
Assuming a typical SAR instrument detection limit of about −30 dB for an orbital radar, our simulation results show that SAR could be used as a relevant tool to detect saline-moistened deposits even for small moisture content of less than 10%-15%. These results are particularly interesting for the Martian case where the expected moisture variations should not exceed a few percent [48] [49] [50] .
VI. DISCUSSION AND CONCLUSION
If the water content changes the microwave dielectric constant of a soil, the presence of salts in water will also greatly affect its dielectric properties.
Because of the occurrence of saline deposits almost everywhere over the Earth's surface (as it is certainly also the case on Mars), we proposed an experimental study in order to assess the effects of salinity on the dielectric properties of geological materials and its implications in radar remote sensing, particularly for arid and semiarid regions.
For that matter, we performed a series of experimental measurements on a sand/sodium chloride solution mixture. Measurements were conducted by means of a VNA coupled to an open-ended coaxial dielectric probe. Real and imaginary parts have been collected as a function of frequency in the range [1] [2] [3] [4] [5] [6] [7] , for salinity values 0 < S < 140
• / •• , and a volumetric water content ranging from 0 to 0.6. Laboratory results confirm the salinity effects observed in previous studies: if the real part of the complex permittivity is mainly affected by the water content, the imaginary part is strongly sensitive to both moisture and salinity. In particular, our experimental results showed that for a given frequency and water content, the imaginary part increases with an increment in salinity. Moreover, the higher the soil moisture, the stronger is the effect of salinity on the imaginary part.
Our experimental measurements also clearly indicate the occurrence of a transition moisture, separating the bound-water and the free-water components, which controls the amount of dissolved salts. It was also observed that this transition moisture is likely to be inversely proportional to the salinity.
As the real part of dielectric constant is concerned, our measurements clearly indicate that it decreases with an increment in salinity as well as in frequency. This effect is more significant when the soil moisture content exceeds the transition moisture.
Two dielectric mixing models were considered. Taking into account the transition moisture, we particularly focused on the Wang's model. We showed that this model agreed fairly well with our measurements, particularly in the L-and C-bands frequency range. As an example, simulation results indicate that ε slowly decreases with an increment of frequency for high moisture content, whatever the salinity value may be. Concerning the imaginary part, simulation results showed that at high frequency, the dominant loss mechanism is mainly due to the dielectric relaxation (polarization losses) of free water since the maximum of ε occurs at the relaxation frequency. On the contrary, at lower frequency [1] [2] [3] [4] , the ionic conductivity is the main contributor to dielectric loss, causing ε of moistened salinized soils to vary inversely with frequency.
We modified the mixing model proposed by Wang to derive the input parameters for the simulations of the radar backscattering coefficients using the IEM analytical scattering model. Our simulation results suggest that the salinity may have a significant impact on the backscattering coefficients recorded in SAR images, in terms of amplitude as well as copolarized phase difference. We showed that the copolar backscattering coefficients increase with an increment of salinity. Finally, our results also clearly indicate that salinity mostly affects the VV-polarization.
Such results indicate that a SAR system could be an efficient tool for soil salinity monitoring, not only for arid terrestrial surfaces but also for planetary missions (particularly Mars exploration), as it should allow the detection of small amounts of subsurface water mixed with evaporites.
